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Abstract
Floral nectar of some animal-pollinated plants usually harbours highly adapted
yeast communities which can profoundly alter nectar characteristics and, there-
fore, potentially have significant impacts on plant reproduction through their
effects on insect foraging behaviour. Bacteria have also been occasionally
observed in floral nectar, but their prevalence, phylogenetic diversity and eco-
logical role within plant–pollinator–yeast systems remains unclear. Here we
present the first reported survey of bacteria in floral nectar from a natural
plant community. Culturable bacteria occurring in a total of 71 nectar samples
collected from 27 South African plant species were isolated and identified by
16S rRNA gene sequencing. Rarefaction-based analyses were used to assess
operational taxonomic units (OTUs) richness at the plant community level
using nectar drops as sampling units. Our results showed that bacteria are
common inhabitants of floral nectar of South African plants (53.5% of samples
yielded growth), and their communities are characterized by low species rich-
ness (18 OTUs at a 16S rRNA gene sequence dissimilarity cut-off of 3%) and
moderate phylogenetic diversity, with most isolates belonging to the Gamma-
proteobacteria. Furthermore, isolates showed osmotolerance, catalase activity
and the ability to grow under microaerobiosis, three traits that might help bac-
teria to overcome important factors limiting their survival and/or growth in
nectar.
Introduction
Plants provide extraordinarily diverse habitats for micro-
organisms (Andrews & Harris, 2000). Plant-associated
habitats, such as roots, leaves, flowers, fruits or decaying
tissues, differ in their local availability of nutrients and
physicochemical conditions, thus filtering the range of
potential microbial inhabitants (Andrews & Harris, 2000;
Herrera et al., 2010). From a microbiological perspective,
only roots have been extensively investigated, especially
on topics related to rhizosphere microbial communities
and mycorrhizal or legume–Rhizobium symbioses (Long,
1996; Andrews & Harris, 2000; Kent & Triplett, 2002;
Smith & Read, 2008). However, other plant microhabitats
remain virtually unexplored. This latter is the case for flo-
ral nectar.
Historically, floral nectar has been regarded merely as
a sweet aqueous secretion, containing sugars and amino
acids, offered by flowering plants to attract pollinators
(Nicolson & Thornburg, 2007). Nevertheless, pollinators
act not only as pollen vectors while visiting plants, but
at the same time they can move microorganisms from
flower to flower (Sandhu & Waraich, 1985; Brysch-Herz-
berg, 2004; Herrera et al., 2009). As a rich source of
nutrients, nectar could harbour a microbiota that may
consume sugar actively and produce a range of metabo-
lites, entailing a decrease in its attractiveness and ener-
getic value from the viewpoint of pollinators. Thus, it
has been postulated that plants should have evolved
mechanisms to maintain nectar free of microorganisms
(Adler, 2000; Carter & Thornburg, 2004). In this respect,
in recent years several classes of antimicrobial proteins
and secondary compounds putatively protecting nectar
from microbial invasion have been isolated (Carter et al.,
2007; Park & Thornburg, 2009; Heil, 2011). For example,
it has been hypothesized that reactive oxygen species,
such as hydrogen peroxide (H2O2), keep nectar palatable
for visiting pollinators by limiting microbial growth,
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thereby preventing toxin build up and reducing the
breakdown of sugars and other nectar components by
microbial metabolism (Carter & Thornburg, 2004; Carter
et al., 2007). Despite these assumptions, several recent
studies have revealed that floral nectar of animal-polli-
nated plants from different continents and a variety of
disparate habitat types can harbour highly adapted yeast
communities (Brysch-Herzberg, 2004; Herrera et al.,
2008, 2009, 2010; de Vega et al., 2009; Pozo et al., 2011;
de Vega & Herrera, 2012). Furthermore, it has been
demonstrated that nectarivorous yeasts can profoundly
alter both the sugar and amino acid composition and
the overall energetic content of nectar as a consequence
of their metabolic activity (Canto et al., 2007, 2008; Her-
rera et al., 2008; de Vega et al., 2009; de Vega & Herre-
ra, 2012; Peay et al., 2012) and warm the flowers of
some winter-blooming plants (Herrera & Pozo, 2010).
Therefore, these eukaryotic microorganisms could have
significant effects on plant reproduction through their
effects on insect foraging behaviour (Herrera et al.,
2010).
The handful of studies that have addressed so far the
topic of nectar microbiota mostly deal with yeasts (but
see Junker et al., 2011; which studies the microbiota of
floral surfaces). Bacteria have also been occasionally
observed in the nectar of some plants (Gilliam et al.,
1983; Ehlers & Olesen, 1997), but their prevalence and
phylogenetic diversity have not been assessed to date.
Furthermore, the ecological and functional role of these
microorganisms in plant–pollinator–yeast systems remains
unclear. Bacteria can degrade sugars, transform them into
compounds which are difficult to assimilate by other
microorganisms, produce alcohols, and release a wide
array of secondary metabolites which are toxic to yeasts
and/or insects (Latour & Lemanceau, 1997; Stro¨m et al.,
2002; Barton, 2005; Bode, 2009). Hence, their potential
impact on plant pollination cannot be ruled out.
Here we present the first reported survey of bacteria in
floral nectar from a natural plant community. Our main
objectives were to assess the prevalence, species richness
and phylogenetic diversity of bacteria in a set of nectar
samples from wild-growing South African plants. In this
regard, the present report complements our previous
work on nectar yeasts associated with the same South
African plant community (de Vega et al., 2009). Addi-
tionally, we determined three physiological characteristics
of bacterial isolates that might be relevant for their sur-
vival in floral nectar, namely osmotolerance, catalase
activity and the ability to grow under microaerobiosis.
These traits might help bacteria to overcome, respectively,
high sucrose levels, toxic hydrogen peroxide and possible
oxygen limitation (e.g. derived from microbial metabo-
lism) occurring in nectar. These analyses allowed the
identification of future research directions in nectar
microbiology.
Materials and methods
Samples and microbiological analysis
Seventy-one samples of floral nectar from 27 plant species
belonging to 13 families were analysed. A complete list of
species sampled and the family to which they belong is
provided in Table 1. Floral nectar collection was carried
out at several localities in the KwaZulu-Natal province of
South Africa differing in ecological characteristics includ-
ing elevation, soil and type of vegetation (for further
information, see de Vega et al., 2009). All plants belong-
ing to the same species were collected on the same
location and, in some cases, plants of different species
co-occurred. Sampled individuals were at least 5 m apart.
Table 1. Isolation of bacteria from nectar samples of 27 South
African plant species
Plant family* Species No.†
Bacteria
frequency‡
Acanthaceae Adhatoda andromeda 3 2
Ruellia cordata 3 1
Thunbergia natalensis 2 1
Amaryllidaceae Haemanthus humilis 3 1
Caryophyllaceae Silene bellidioides 3 2
Ericaceae Erica cerinthoides 3 1
Fabaceae Eriosema distinctum 1 1
Iridaceae Dierama luteo-albidum 3 0
Freesia laxa 2 2
Gladiolus appendiculatus 1 0
Gladiolus longicollis 3 1
Gladiolus parvulus 3 2
Moraea unibracteata 2 2
Watsonia lepida 1 0
Watsonia pillansii 3 0
Lamiaceae Ajuga ophrydis 3 2
Stachys aethiopica 1 0
Orchidaceae Disa crassicornis 2 2
Orobanchaceae Cycnium adonense 4 4
Cycnium racemosum 4 2
Graderia scabra 1 1
Proteaceae Protea caffra 4 4
Protea roupelliae 3 0
Rubiaceae Burchellia bubalina 3 2
Scrophulariaceae Glumicalyx goseloides 6 2
Xanthorrhoeaceae Kniphofia caulescens 1 1
Kniphofia sp. 3 2
Total 71 38 (53.5%)
*Familial classification follows that of Stevens (2011).
†Number of nectar samples analysed per plant species.
‡Number of nectar samples from which bacteria were isolated.
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Collected branches, inflorescences or flowers already
open and exposed to pollinators were carefully placed in
plastic jars in a portable cooler until taken indoors,
and then kept under refrigeration (4 °C) until further
processing. Extractions of nectar from individual flowers,
using sterile calibrated microcapillaries (Fisher Scientific,
Madrid, Spain), were conducted within 24 h after field
collection. Nectar standing crop varied widely depending
on the plant species, ranging from approximately 1–
3 lL per flower in Adhatoda andromeda, Ajuga ophrydis,
Cycnium adonense, Cycnium racemosum, Dierama luteo-
albidum, Disa crassicornis, Eriosema distinctum, Freesia
laxa, Gladiolus appendiculatus, Gladiolus parvulus, Glumi-
calyx goseloides, Graderia scabra, Haemanthus humilis,
Moraea unibracteata, Ruellia cordata, Silene bellidioides
and Stachys aethiopica; 3–7 lL per flower in Burchellia
bubalina, Erica cerinthoides, Kniphofia sp., Thunbergia
natalensis, Watsonia lepida and Watsonia pillansii; to
more than 30 lL per flower in Gladiolus longicollis, Kni-
phofia caulescens, Protea caffra and Protea roupelliae.
Nectar sugar concentration was measured for some plant
species with a low-volume hand refractometer (Belling-
ham & Stanley Ltd, Tunbridge Wells, UK), and exhib-
ited extensive variation at both the inter- and
intraspecific level. For example, the values of sugar con-
centration (in per cent of sucrose equivalents) for some
of these species were as follows: G. longicollis (11–35%,
mean 26.5%), K. caulescens (7–16%, mean 12%),
P. caffra (2–12%, mean 7%), P. roupelliae (2–10%, mean
6%), G. appendiculatus (19–31%, mean 25%), W. lepida
(10–29%, mean 21%) and W. pillansii (8.5–25%, mean
16%).
Nectar samples were immediately diluted in 500 lL of
ultrapure deionized water (Purite Select; Purite Ltd,
Thame, UK), and stored at 4 °C until processed. This
procedure has proven to be similar to other methods
(e.g. diluting in 0.85–1% NaCl solutions) in maintaining
nectar microbiota in optimal conditions. Twenty-five mi-
crolitres of nectar dilutions was streaked on trypticase soy
agar (TSA; Panreac, Castellar del Valle`s, Spain). Cultures
were incubated at room temperature (c. 25 °C) for
7 days. A colony of each phenotypically distinct type was
picked and separately subcultivated on TSA to obtain
pure cultures. All isolates were stored at 20 °C in Luria
–Bertani (LB) broth (Difco, Sparks, MD) containing 25%
glycerol (Sigma-Aldrich, Madrid, Spain).
Phenotypic characterization of bacterial isolates
Bacterial isolates were further characterized by assessing
their reaction to hydrogen peroxide (catalase activity),
sucrose tolerance and the ability to grow at low oxygen
levels (microaerobiosis), using the three following tests:
(1) For detection of catalase activity, a bacterial colony
was taken from an axenic culture on TSA with a microbi-
ology loop and was suspended in 3% hydrogen peroxide
(Panreac). The appearance of bubbles was recorded as a
positive result (Aslanzadeh, 2006).
(2) Sucrose tolerance was assessed by culturing isolates
at room temperature for up to 7 days in transparent plas-
tic vials containing LB broth supplemented with 0%
(positive control), 10%, 20% and 30% sucrose (w/v,
Sigma-Aldrich). The appearance of turbidity in the tubes
with respect to negative controls (i.e. tubes containing no
inoculated media) was recorded as a positive result. The
range of sugar concentrations tested roughly corresponds
with natural variation observed in floral nectars in wild
South African plants (see above).
(3) Growth under microaerobiosis was determined by
culturing isolates on TSA and incubating the plates at
room temperature for 72 h in a candle jar. The appear-
ance of colonies on the plates was recorded as a positive
result.
DNA isolation, PCR amplification and
sequencing of the bacterial 16S rRNA gene
Genomic DNA was isolated by boiling bacterial colonies
in 500 lL of ultrapure deionized water at 100 °C for
20 min. Cell debris was removed by centrifuging at
8000 g for 2 min.
The bacterial 16S rRNA gene was amplified using the
universal primer 1492R (5′-GGTTACCTTGTTACGACTT-
3′) (Reysenbach et al., 2000) and the eubacterial-specific
primer 27F (5′-AGAGTTTGATCMTGGCTCAG-3′, where
M = A or C) (Braker et al., 2001). Reaction mixtures
contained 5 lL of NH4 buffer (109; Bioline, London,
UK), 1 mM MgCl2, 0.4 lM of each primer (Sigma-
Aldrich), 250 lM of each dNTP (Sigma-Aldrich), 3 U Bi-
otaq DNA polymerase (Bioline) and 2–5 lL DNA extract.
The final volume was adjusted to 50 lL with ultrapure
deionized water. Amplification was carried out in a Flex-
Cycler PCR thermal cycler (Analytik Jena, Jena, Germany)
and consisted of a denaturation step of 4 min at 94 °C,
followed by 35 cycles of 90 s at 94 °C, 90 s at 50 °C and
2 min at 72 °C, and a final extension at 72 °C for 2 min.
PCR products were cleaned up with ExoSAP-IT (USB
Corporation, Cleveland, OH), which degrades excess
primers and nucleotides.
Sequencing of amplicons was performed using the ABI
Prism BigDye Terminator v3.0 Ready Reaction Cycle
Sequencing kit (Applied Biosystems, Madrid, Spain) and
the following six primers (Sigma-Aldrich): 27F, 515F
(5′-GTGCCAGCMGCCGCGGTAA-3′, where M = A or
C), 906F (5′-GAAACTTAAAKGAATTG-3′), 519R (5′-
GWATTACCGCGGCKGCTG-3′, where W = A or T and
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K = G or T), 907R (5′-CCGTCAATTCCTTTRAGTTT-3′,
where R = A or G) and 1492R (Reysenbach et al., 2000).
The sequences were determined on an automated sequen-
cer (ABI Prism 3130xl; Applied Biosystems), and assem-
bled and manually edited with the program SEQUENCHER
ver. 4.9 (Gene Codes Corp., Ann Arbor, MI). The Gen-
Bank accession numbers of the DNA sequences obtained
in this study are JN872496–JN872548 (for further details
see Supporting information, Table. S1).
Data analyses
The 16S rRNA gene sequences obtained from nectar bac-
teria were compared with reference sequences from the
GenBank databases, using BLAST software (http://blast.ncbi.
nlm.nih.gov/Blast.cgi) and the Ribosomal Database Pro-
ject (RDP) website (http://rdp.cme.msu.edu/). Isolates
were assigned to genus or the highest taxonomic rank
possible, leaving further hierarchical taxonomy unidenti-
fied.
16S rRNA gene sequences were included in a multiple
alignment generated by CLUSTALW (Chenna et al., 2003)
and the resulting alignment was trimmed by Gblocks
(Castresana, 2000) to eliminate poorly aligned positions
and divergent regions. A phylogenetic tree was con-
structed for nectar isolates and reference sequences using
MRBAYES v3.1.2 (Ronquist & Huelsenbeck, 2003) as imple-
mented on the CIPRES Science Gateway (Miller et al.,
2010). The simplest model of sequence evolution among
those available in MRBAYES that best fits the sequence data
was determined using the Akaike Information Criterion.
This test was conducted using the JMODELTEST 0.1.1 pack-
age (Posada, 2008), and resulted in selection of a general
time-reversible model with gamma-distributed rate varia-
tion across sites and a proportion of invariable sites
(GTR + G + I). Four chains were run twice (chain tem-
perature = 0.2; sample frequency = 100) until average
standard deviation of split frequencies was below 0.01
(c. 9.2 million generations). A 50% majority-rule consen-
sus tree was calculated using the sumt command and dis-
carding the first 25% of the trees to yield the final
Bayesian estimate of phylogeny. The resulting tree was
finally drawn and further edited with TREEGRAPH2 (Sto¨ver
& Mu¨ller, 2010).
Determination of the number of distinct operational
taxonomic units (OTUs) occurring in our set of DNA
sequences and assignment of sequences to OTUs was
done with the program MOTHUR v.1.17.3 (Schloss et al.,
2009). DNA dissimilarity cut-offs of 1% and 3% were
used in these analyses. To assess the overall richness of
bacterial OTUs, sample-based rarefaction methods were
applied to presence–absence data. Due to the limited
number of nectar samples available in this work, OTUTa
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occurrence data from all samples were analysed together
(i.e. irrespective of the plant species and/or family of ori-
gin). Average rarefaction curves were computed with the
ESTIMATES v.8.2.0 program (Colwell, 2009), using 50 ran-
domizations and sampling without replacement. As our
data are based on incidence, the ICE and Chao2 nonpara-
metric estimators of the expected OTU richness were also
calculated.
Results
The results of the microbiological analysis of nectar
samples are provided in Tables 1 and 2. A total of 53
bacterial isolates were recovered from 38 nectar samples
(53.5%, n = 71), and 21 of the plant species surveyed
(77.8%, n = 27). No bacteria were recovered from D. lu-
teo-albidum, G. appendiculatus, P. roupelliae, S. aethiopic-
a, W. lepida or W. pillansii. All bacterial isolates
recovered from nectar were able to grow under micro-
aerobiosis and showed a positive reaction in the catalase
test (Table 3). Most isolates also tolerated 10–30%
(w/v) sucrose, the exceptions being some isolates
from the genera Burkholderia and Methylobacterium, and
the families Sphingomonadaceae and Xanthomonadaceae
(Table 3).
In the MOTHUR analysis of the DNA sequence data for
bacterial isolates, 18 OTUs were identified at the 3% dis-
similarity cut-off (OTUs0.03; Table 2). Only six additional
OTUs were identified when the dissimilarity cut-off was
lowered to 1%, thus giving a total of 24 OTUs0.01. Given
the small difference in total OTUs obtained with the two
thresholds, only OTUs0.03 were retained for subsequent
analyses, as this represents the threshold commonly used
to distinguish bacterial OTUs at the species level in envi-
ronmental studies (Lambais et al., 2006; Teixeira et al.,
2010).
When rarefaction-based methods were applied to obtain
reliable estimates of total bacterial OTU richness, the
OTU0.03 rarefaction curve was close to reaching a plateau
for the number of nectar samples examined (n = 71;
Fig. 1). Although additional OTUs are expected to appear
by further increasing the sampling effort (and/or lowering
the DNA dissimilarity cut-off; see Fig. S1), results of this
survey seem to provide a reliable basis for estimating over-
all bacterial OTU richness in the floral nectar of the set of
plants surveyed. OTU0.03 richness estimates were 26.8
Table 3. Physiological characteristics of nectar bacterial isolates
Taxonomical affiliation
of OTUs0.03*
Growth under
microaerobiosis
Catalase
production
Sucrose tolerance
10% 20% 30%
Actinobacteria
Leifsonia sp. (3) + + + + +
Microbacteriaceae (2) + + + + +
Micrococcaceae (3) + + + + +
Firmicutes
Bacillus sp. A (2) + + + + +
Bacillus sp. B (1) + + + + +
Paenibacillus sp. (1) + + + + +
Proteobacteria
Alphaproteobacteria
Asaia sp. (3) + + + + +
Methylobacterium sp. A (2) + + + + V
Methylobacterium sp. B (1) + + + – –
Sphingomonadaceae sp. A (2) + + V V –
Sphingomonadaceae sp. B (1) + + + – –
Betaproteobacteria
Alcaligenaceae (1) + + + + +
Burkholderia sp. (6) + + + + V
Gammaproteobacteria
Enterobacteriaceae (2) + + + + +
Pantoea sp. (9) + + + + +
Pseudomonas sp. (12) + + + + +
Stenotrophomonas sp. (1) + + + + +
Xanthomonadaceae (1) + + + + –
+, positive; , negative; V, variable.
*The number of isolates belonging to each OTU0.03 is given in parentheses. As in Table 2, to avoid confusion, different OTUs belonging to the
same family or genus were named as sp. A and sp. B.
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(ICE estimator) and 22.9 species (Chao2 estimator;
Fig. 1). Therefore, our sampling recovered more than 67%
of the estimated number of bacterial OTUs occurring in
the nectar of sampled plant species in the study area.
Phylogenetic analyses showed a distribution of isolates
among three major bacterial phyla: Actinobacteria,
Firmicutes and Proteobacteria (Alphaproteobacteria, Beta-
proteobacteria and Gammaproteobacteria) (Table 2 and
Fig. 2), the last-named being the most frequent (77.4% of
isolates). Furthermore, Pseudomonas and Pantoea were
the two most common bacterial genera recovered, albeit
with a low overall incidence (16.9% and 12.7% of nectar
samples analysed, respectively). Other Proteobacteria gen-
era identified in phylogenetic analysis were Asaia, Burk-
holderia, Methylobacterium, Stenotrophomonas, and several
other representatives from the families Alcaligenaceae, En-
terobacteriaceae, Sphingomonadaceae and Xanthomonada-
ceae. On the other hand, 15.1% of bacterial isolates
belonged to the phylum Actinobacteria, and were classi-
fied within the families Microbacteriaceae (including Le-
ifsonia sp.) and Micrococcaceae. Finally, members of the
phylum Firmicutes comprised only a negligible fraction of
isolates (7.5%), and belonged to the genera Bacillus and
Paenibacillus.
Discussion
We have presented here the first analysis of bacterial
communities associated with floral nectar in a diverse
array of wild plants, which represents a necessary step
towards a better understanding of multikingdom interac-
tions surrounding insect-pollinated flowers in nature. We
focus on nectar, the main reward offered by plants to
their pollinators, which is considered here the key floral
resource in supporting a bacterial microcosm. This is in
sharp contrast to previous investigations which either
focus on the bacterial communities inhabiting other floral
parts (Junker et al., 2011) or do not provide details on
the floral organs from which the microbiota was sampled
(Yamada et al., 2000; Lachance et al., 2003; Yukphan
et al., 2004).
A main finding from the present study was that bacte-
ria are relatively common inhabitants of floral nectar of
animal-pollinated South African plants, being present in
21 plant species and more than a half of samples analy-
sed. This picture is similar to that encountered by Ehlers
& Olesen (1997) in Epipactis helleborine at different loca-
tions in northern Europe. Unfortunately, there is no
additional information on the prevalence of bacteria in
nectar of wild plants.
On the other hand, the studied bacterial microbiota
associated with floral nectar was characterized by rela-
tively low species richness. Eighteen bacterial OTUs were
identified in MOTHUR-based analyses at the 3% dissimilar-
ity cut-off. Lowering this cut-off to 1% allowed the
identification of six additional OTUs, which did not
have a dramatic impact on rarefaction-based estimates
of total bacterial OTU richness (see supporting Appen-
dix S1 and Fig. S1). Furthermore, although it is
expected that additional sampling effort would increase
the number of OTUs identified, rarefaction analysis
revealed that, for the group of plants sampled, we recov-
ered a high proportion of the OTU richness of nectar-
inhabiting bacteria. A similar low value for species rich-
ness has been reported for nectar yeast communities
(Pozo et al., 2011), but contrasts with the high species
richness of other plant-associated environments, such as
the rhizosphere (Teixeira et al., 2010; Weinert et al.,
2011) or the phyllosphere (Lambais et al., 2006). Along
the same line, nectar bacterial communities were charac-
terized by a moderate phylogenetic diversity, as the iso-
lates belonged to only three different bacterial phyla:
Proteobacteria, Actinobacteria and Firmicutes. Within the
Proteobacteria, nectar bacteria were distributed among
the Alphaproteobacteria, Betaproteobacteria and Gamma-
proteobacteria. A considerable proportion of isolates were
members of the Gammaproteobacteria, with Pseudomonas
and Pantoea being the predominant genera. Low phylo-
genetic diversity is also a characteristic of nectar-associ-
ated yeast communities (Brysch-Herzberg, 2004; Herrera
et al., 2010; Pozo et al., 2011; de Vega & Herrera,
2012), a concordance which stresses the potential role of
nectar as a habitat filter that excludes species that do
not possess habitat-specific physiological adaptations.
Interestingly, although we found no dominant bacterial
species in the set of nectar samples studied, one single
yeast species (Metschnikowia reukaufii) has been repeat-
edly isolated from nectar at different locations (Eisiko-
witch et al., 1990; Brysch-Herzberg, 2004; Herrera et al.,
2010; Pozo et al., 2011; de Vega & Herrera, 2012).
Fig. 1. Graphical representation of the rarefaction curve (solid line)
and nonparametric estimators of nectar bacteria OTU0.03 richness for
our dataset: ICE (long dashes) and Chao2 (dotted line).
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Fig. 2. Phylogenetic relationship of 16S rRNA gene sequences from nectar bacteria retrieved in this study from South African plants (indicated in
bold type and with collection reference numbers) and reference sequences of type strains stored in the GenBank database, as determined by
Bayesian inference. Deinococcus radiodurans served as the outgroup for this analysis. GenBank accession numbers and further details on nectar
isolates and reference strains are provided in Table S1. Numbers above branches show clade credibility values (posterior probabilities).
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Apart from the predominance of Gammaproteobacteria
in the nectar from South African plants reported in this
work, members of this class have been also identified as
the dominant bacterial inhabitants of other plant-associ-
ated environments, such as the surface of leaves (Erco-
lani, 1991; Thompson et al., 1993; Krimm et al., 2005;
Junker et al., 2011) and petals (Junker et al., 2011), the
interior of pitchers of some carnivorous plants (Siragusa
et al., 2007; Koopman et al., 2010), and sugar-rich sap
exudates (Lagace´ et al., 2004, 2006; Filteau et al., 2010).
However, while Pseudomonas was the most prevalent
genus among nectar isolates (Table 2) and has been
repeatedly identified as a key component of epiphytic
bacterial communities on leaves (Ercolani, 1991; Thomp-
son et al., 1993; Krimm et al., 2005; Junker et al., 2011),
the results from a recent investigation show that the
surface of petals of some plant species are predomi-
nantly colonized by members of the family Enterobacteri-
aceae (Junker et al., 2011). Nevertheless, in the present
work we have only identified bacterial isolates up to
genus level, which precludes further species-based com-
parisons of microbial community composition with pre-
vious reports. Furthermore, as nectar-inhabiting and
flower epiphytic microbial communities have not been
yet extensively characterized, and intrafloral microhabitat
heterogeneity remains poorly understood, a detailed
comparative analysis of floral nectar and petals as
microbial habitats cannot be performed.
Nearly all bacteria isolated from floral nectar in this
study appear to be physiologically able to overcome the
three main stressors characteristic of their habitat, namely
high osmotic pressure, low oxygen levels and presence of
toxic hydrogen peroxide. Although the physiological
mechanisms allowing survival of nectar microorganisms
in this sugar-rich habitat have not been studied in detail
to date, they could be similar to those employed for
coping with the osmotic stress imposed by high levels of
solutes in other environments such as salterns, hypersa-
line lakes, and salty or sugary food products (reviewed by
Beales, 2004; Grant, 2004). The ability of nectar bacteria
to grow at low oxygen levels might be relevant in situa-
tions where oxygen diffusion through nectaries is
hindered (e.g. in plants with relatively long horn-shaped
nectaries, where a biofilm usually appears at the air-nectar
interface; C.M. Herrera, pers. obs.) or when environmen-
tal oxygen is depleted by microbial metabolism. Addition-
ally, catalase activity might protect nectar bacteria from
the toxic action of H2O2, as demonstrated for other
plant-associated microbes (Xu & Pan, 2000). Nevertheless,
it has also been noted that in some bacterial species the
presence or absence of catalase is not correlated with the
ability of the microorganism to overcome the lethal
effects of H2O2, as susceptibility to this toxic compound
also depends on other factors (see, for example, Schwartz
et al., 1983; Wilson & Weaver, 1985). Moreover, Carter
et al. (2007) demonstrated that some Proteobacteria,
including strains of Pseudomonas syringae and Pseudomo-
nas fluorescens, were sensitive to the H2O2 concentrations
observed in the floral nectar of ornamental Nicotiana spe-
cies. Thus, the hypothesized relationship between catalase
activity and survival in nectar clearly deserves further
investigation.
Apart from the three stressors mentioned above,
additional factors not considered in this study could
limit microbial growth and/or survival in floral nectar.
For example, it has been recently demonstrated that the
antimicrobial activity of Petunia hybrida nectar is not
based on H2O2 production but on RNase activities
(Hillwig et al., 2010). Antimicrobial properties have also
been attributed to a GDSL lipase of the floral nectar of
Jacaranda mimosifolia (Kram et al., 2008). This growing
list of nectar proteins and secondary metabolites poten-
tially implicated in plant antimicrobial defence (see also
Adler, 2000) contrasts with the lack of information on
the physiological strategies of nectar microbes for
adapting to their stressful habitat (but see Herrera
et al., 2012, for a recent study on nectar yeasts). In any
case, strong selective pressures are expected to turn nec-
tar into a potential microorganism-free environment,
operating over micro- and macroevolutionary time
scales.
In summary, our results have shown that bacteria are
common inhabitants of floral nectar of South African
plants, and their communities are characterized by low
species richness and moderate phylogenetic diversity.
Moreover, we have identified osmotolerance, catalase
activity and the ability to grow under microaerobiosis as
traits that might help bacteria to overcome important fac-
tors limiting their survival and/or growth in nectar.
Future work should clarify the role of bacteria within the
plant–yeast–pollinator system and might help to fill a
conspicuous gap in our knowledge of ecological interac-
tions involving macro- and microorganisms at the inter-
section of several kingdoms.
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Note added in proof:
During the pre-print processing of the present work, the
authors became aware of the publication of an article
addressing the study of nectar bacterial communities in
three species of cultivated plants (Fridman et al., 2012.
Bacterial communities in floral nectar. Environmental
Microbiology Reports, 4(1):97-104.)
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Fig. S1. Graphical representation of the rarefaction curve
(solid line) and nonparametric estimators of nectar bacte-
ria OTU0.01 richness for our dataset: ICE (long dash) and
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